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Previons  work^  ^  introduead  %  a«w  concept  ezplain^ke  feetoxs  vkick 

influence  tke  sinterebility  of  ceranic  (and  aetal)  powders.  Ikis  ^Mif^t^ory. 

based  on  the  thexBodynanics  consideration  of  pore  disappearance,  is  centered 

on  the  coordination  nnaber  of  distribntion^'^of  pores  within  the  initial  powder 

Gonpact  and  on  the  ehanpes  in  the  pore  coordination  nnaber  during  sintering. 

Themodynanic  argwaents  show  t^at  only^ores  with  a  coordination  nnaber  less 

than  a  critical  valne  (1  >  R  )  can  disappear  by  diffusion. 

c 


concept  suggested  the  following  phenoaena: 


1^  Consolidation  forces  (e.g.,  iso-pressing)  that  increase  bulk  density 
will  eliainate  pores  with  high  coordination  nnabers  and  thus  increase 
the  sinterebility  of  the  powder  coapaot. 

1)  Mnltiple-oarticle  packing  units  containing  pores  with  low  coordination 

^  .  '  h  (I  \ 

(R  <  tU)  will  first  eensi^  during  sintering  to  increase  the  sise  and 


coordination  nnaber  of  pores  between  the  densifying  packing  units. 


3)  Grain  growth,  supported  by  dense  packing  untis,  will  deci 


coordination  nnaber  of  pores  enlarged  by  local  densif ication.^  jkaely«c~* 
/  noxaal  grain  growth  is  advantageous  to  sinterability.'**^^ 

4)  Coapressive  stress  produced  by  either  surface  tension  effects  or  hot- 
pressing  cause  the  dense  regions  to  defora,  thus  closing  pores  between 
the  dense  regions  and  reducing  their  coordination  nnaber.  ^ 

*^e  coordination  nnaber  of  a  pore  is  eiapi^  the  nnaber  of  touching  particles 
that  surround  and  the  pore  sixe.^ 

**Abnomal  grain  growth  which  entrap  pores  is  undesirable 


Work  don*  in  tke  first  yosr  of  tkis  eoatraet  foeassod  on  sovorsl  areas: 
(i)  theoretical  andeliaf  of  the  shriakage  of  particle  elasters,  (ii) 
ezperiaeatal  work  coaceraed  with  .  iaflaeaee  of  graia  growth  oa  pore 
disappearaace  dariag  siateriag,  aad  (iii)  direct  obserratioa  of  siateriag. 

The  followiag  will  oatliae  the  carreat  resalts  of  these  areas. 


II.  TBOMCnCdL  HMHLINB 


As  is  well  kaowa,  powder  coapaets  are  aot  perfectly  packed,  aad  becaase 
of  differeaces  ia  packiag,  ewea  withia  the  saae  eoapact,  coaplezities  arise: 
for  iastaace,  aoaaaifom  siateriag  withia  a  powder  eosipaet  eaa  eaase  the 
foraatioa  of  large  pores.  Msrcary  porosiaetry  has  showa  that  the  awerage  pore 
size  asaally  iacreases  with  siateriag.  This  behawior  eaa  aot  be  ezplaiaed  by 
assaaiag  aaifora  paokiag  aad  siateriag  withia  the  powder  coapaet. 

To  coasider  the  effect  oa  deasificatioa,  we  hawe  wiewed  siateriag  as  the 
iaterpeaetratioa  of  spheres.  The  ooatact  aagle  foraed  betweea  two  aeighboriag 
spheres,  at  the  graia  boaadary,  iacreases  as  the  spheres  iaterpeaetrate;  this 
eoatact  aagle  iacreases,  froa  0*  ia  the  greea  state,  to  the  dihedral  aagle  p 
at  eqailibriaa.  We  have  eoasidered  idealised  aodels,  where  aoaosized  spheres 
haws  bsea  placed  ia  warioas  coafigaratioas.  Whea  these  spheres  are  arraaged 
ia  a  riag  eoaf igaratioa,  the  pore  regioa  withia  the  riag  is  foaad  to  becoae 
aastable  at  critical  coatact  aagle.  Ike  critical  aagle  iacreases  with  the 
aaaber  of  sarroaadiag  spheres  (coordiaatioa) . 

This  siaple  aodel  iadieates  how  the  geoaetrie  aatares  of  particle 
paekiag  within  the  powder  coapaet  affects  deasifieatioa,  aad  saggests  that 
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siatcrint  oaaaot  be  described  by  aass  treasport  eqaetioas  eloae.  If  siateriag 
was  solely  diffasioa-eoatrolled,  tbea  pores  of  all  sixes  would  all  sbriak  at 
soaie  coastaat  rate.  By  oar  calealatioas,  large  pores  with  eoordiaatioa 
aaabers  greater  thaa  2H/(it-f)  woald  sbriak  to  aa  eqailibriaa  sise*  dictated  by 
tbe  eoordiaatioa  aaaber  aad  tbe  dihedral  aagle,  (9) ,  aad  would  reaaia  at  this 
size  aatil  their  eoordiaatioa.  lowered  by  graia  growth,  reaches  2n/(ii-9).  The 
pore  at  this  poiat  beeoaes  aastable  aad  is  eliaiaated  by  aass  traasport. 

Pore  stability  was  deteraiaed  by  coasideriag  closed  arrays  of  ideatical 
particles  aad  calealatiag  their  eqailibriaa  coaf igaratioa.  These  ealcalatioas 
iadicated  that 

a.  all  pores  shriek  froa  their  iaitial  coaf igaratioa 

b.  oaly  pores  which  have  less  thaa  a  critical  eoordiaatioa  are 
theraodyaasioally  aastable  aad  disappear. 

The  critical  eoordiaatioa  for  a  riag  of  particles  is  a  >  2n/(a-9).  where 
2co^  a  Vgy  ***  gxaia  boaadary  aad  surface  eaergies. 

respectively. 

Ill  SIADI  mam  iW  poke  BltdPRdlANGE 

Polystyreue  spheres  with  diasieters  of  1.2  aad  4a  were  used  to  iatroduce 
spherical  pores  iato  aa  aaterial.  (The  Zr02  seeoad  phase  (10  vol 

%)  serves  to  slow  dowa  aad  coatrol  the  graia  growth  of  the  material.)  After 
siateriag  at  1600C  for  S  aia,  oaly  the  purposely  iatroduced  spherical  pores 
reaaiaed.  Speeiaeas  with  differeat  pore  diaaeters  were  heat  treated  at  I€00*C 


to  1700*C  to  iadveo  grain  growth.  Tho  grain  and  pore  aiia  diatribntiona. 
after  poliahing  and  themal  etching,  were  neaenred.  Heat  treataent  inereaaed 
the  average  grain  aize  and  akewed  the  diatribntion  at  larger  grain  aizea.  The 
■ean  aize  of  the  pnrpoaelj  introdneed  porea  reaained  oonatant  thronghont  the 
heat  treataent,  bnt  the  nnaber  of  porea  per  nnit  area  waa  draaatically 
decreaaed.  Theae  reanlta  are  oonaiatent  with  theraodjnaaic  argnaent  that 
porea  will  only  diaappear  when  they  becaae  coordinated  by  a  critical  nnaber  of 
graina. 

fork  perforaed  aore  recently  haa  e^anded  on  theae  ideaa  by  eonaidering 
the  effect  of  preaanre.  nniazial  atreaa,  and  anrface  energy  aniaotropy  on  pore 
atability. 

Uniaxial  atreaa  were  applied  to  apeciaena  containing  aodel  porea  by  nae 
of  a  high  teaperatnre  creep  fnrnace.  Preliainary  reanlta  indicate  that  porea 
are  cloaed  only  by  deforaation  of  the  order  of  y  ■  0.7.  To  get  xtrainx  of 
thia  aagnitnde  reqnirea  that  the  eeraaie  exhibit  alow  and  controlled  grain 
growth.  Creep  of  polycryatalline  aolida  ia  atrongly  a  fnnction  of  grain  aize, 
with  greater  ctrain  ratea  obtainable  with  finer  grain  aaterial.  Conaeqnently 
anfficient  creep  atraina  were  obtained  for  two  phaae  *7*t*a*«  •ad 

were  not  obtained  for  aingle  phaae  ^2^3*  vof  ahape,  obaerwed  on 

poliahed  and  etched  anrfacea,  ia  initially  cirenlar  in  eroaa  aection,  and  with 
applied  ctrain  becoaea  flattened,  finally  beeoaing  a  flat  diah-ahape  in  which 
graina  froa  the  top  anrface  coae  into  contact  with  the  bottoa.  At  atraina  of 
abont  0.7,  all  that  ia  left  of  the  pore  are  clnaterx  of  aaaller  porea,  and 
theae  diaappear  with  realtiwity  little  extra  atrain.  The  pore,  while 
ahrinking  along  the  atreaa  axia,  waa  fonnd  to  aaintain  ita  width.  The 
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dCTtlopaent  of  this  geoaetry  it  tlailar  to  tliat  ctloolattd  froa  a  aodel  which 
attvaet  that  the  aaterial  it  perfectly  Newtosiaa  ia  aatnre. 


If  cisBifiTiOH  or  ns  sorbiinb  or  mu 


ladepeadeat  ezperiaeatt  hawe  beea  iaitiated,  which  eaable  at  to  obterve 
directly  the  tiateriag  of  aicrotpheret.  for  correlatioa  with  aodel c.  Uaifora 
aicrotpheret  of  gleet,  packed  ia  a  tiagle  layer  oa  the  hot  ctage  (Leitx  #13S0) 
of  aa  optical  aicroacope,  have  beea  obterred  dariag  heatiag.  The  progrett  of 


tiateriag  it  beiag  recorded  by  photographt,  tad.  if  adn 


It,  by 


yideottpe.  Olttt  aicrotpheret  of  teweral  ditaetert  (about  43|ia  aad  llOfia) , 
were  packed  together,  ia  aa  atteapt  to  produce  teyeral  pore  geoaetriet,  which 
were  obterved  duriag  tiateriag.  Ihit  ezperiaeat  it  tiailar,  ia  a  geaeral  way, 
to  prior  ttudiet  of  Ezaer^^^  aad  Sackt  aad  Tteag,^^^  exceptiag  that  the 
propoted  ezperiaeat  eaablet  coatiauoat  obterratioa  (aad  photography)  duriag 
the  progrett  of  tiateriag.  Aa  alteraatiye  ttudy  aateritl  it  offered  by 
aicrotpheret  of  polyttyreae,  which  Laage  hat  fouad  will  tiater  at  a 
teaperature  tlightly  abowe  200* C;  the  tiateriag  of  each  aicrotpheret  it  ia 
progrett. 
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